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ABSTRACT

The effects of cavern spacing and operating pressure on surface
subsi dence and cavern storage | osses were evaluated using the finite-
el ement et hod. The base case for the two sensitivity studies was a
typical SPR cavern. The predicted responses of the base case and those
from the pressurization study conpared quite closely to measured surface
subsi dence and oil pressurization rates. This provided credibility for
the anal yses and constitutive nodels used. Subsi dence and cavern
storage | osses were found to be strongly influenced by cavern spacing
and pressurization. The cavern spacing study showed 30 year subsidence
predictions to increase from4 in. for a single isolated cavern to 162
ft. for closely spaced caverns at 375 ft. The corresponding storage
| osses were effected to a |esser degree, ranging from6 to 32 percent,

respectively. The effects of cavern operating pressure were
investigated by nodeling surface oil pressures ranging froma nmaxi num
pressure of 1050 psi to zero. The resulting 30 year subsidence
predictions ranged from4 to 93 ft., while storage | osses increased from
4 to 59 percent, respectively. The rel ationshi p between subsi dence
volume and | osses in storage volune varied as cavern spaci ng and
operating pressure deviated fromthe base case. However, for a typica

SPR cavern subsi dence volune is proportional to storage |oss and when
expressed in ft., subsidence is equal to the percentage of storage |oss
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1.0 | NTRODUCTI ON

The Strategic Petroleum Reserve (SPR) was created to reduce the
vul nerability of the United States to interruptions by foreign oi
suppliers. Approximately 670 mllion barrels (MMB) of crude oil are
presently stored underground in salt dones at six sites |located al ong
the Qulf of Mexico. Mst of the crude oil is stored in |eached caverns

Each cavern contains approximately 10 MMB of oil on top of approximately
1 MM of brine. The caverns are accessed by one or more wells. QI is
removed by introducing brine into the bottom of the cavern. Pressures
at the wellheads are determned by the location of the oil/brine

I nterface. In this report, oil side or cavern operating pressure is
defined as the oil pressure at the wellhead on the surface.

Cavern spacing and operating pressure are major design and operating
paraneters of current interest to the SPR given the possibility of
expansion of existing sites or the devel opnent of new sites.
Under st andi ng the consequences of cavern operating pressure on storage
| oss and subsi dence may al so inprove operations at existing cavern
fields

The finite-element nmethod was used to evaluate the effects of cavern
spacing and operating pressure on surface subsidence and cavern vol ume
| osses.  Surface subsidence is inportant given the proximty of severa

of the sites to sea level and its potential inpact on well casings,

surface piping, and other structures that support oil wthdrawal and
st orage. Storage | osses have prinarily an econom c inpact as the
capacity and operational life of the facility are affected. Storage
| osses and surface subsidence are inter-related and tine-dependent due
to creep of the salt. Vol une | osses of the cavern are manifested as
surface subsidence. Cavern stability is also evaluated for each of the
anal yses performed.

Cavern spacing and operating pressure were evaluated in separate
st udi es. Each paraneter was varied over a large range which included



the base case-- a typical SPR Cavern. A typical SPR cavern was defined
as 2000 ft. high, 170 ft. in dianeter, |ocated 2500 ft. bel ow the
surface. The typical or baseline cavern was spaced at 750 ft. and
operated at a oil side pressure of 680 psi. The finite-el ement node

was 2-D axisymetric with a stratigraphy of surface overburden, caprock,
and salt, simlar to that found at West Hackberry. The tine-dependent
response of a field of oil filled cylindrical caverns was sinulated for
30 years.

In the cavern spacing study, the distance between the caverns was varied
at 375, 750, 1500, and 3000- ft. The spacings represent a range from.
very closely spaced caverns to nearly isolated single caverns. The
cavern operating pressure was held constant at the baseline value of 680
psi in the cavern spacing study. The pressurization study used the
basel i ne cavern spacing of 750 ft. and perforned calculations for oi
side pressures of 0, 300, 680, and 1050 psi. An operating pressure of
1050 psi represents the nmaximum allowable for nost wells at West
Hackberry, whereas a 0 psi oil side pressure is required during a
wor kover . Wrkovers are periodically required for maintenance of the
access wells and surveys of the caverns

The finite-el ement nodel, constitutive nodels and properties, analytic
results, conparison of predicted results to field neasurenents, and
concl usions are discussed in the follow ng chapters.



2.0 FI'NITE- ELEMENT MODEL

Figure 1 shows the 4 different finite-element neshes used in the
axi symmetric anal yses of the caverns. Due to a high density of
el enents, the nmeshing is partly obscure in some areas. Each mesh
consi sted of 520 elenents and 571 nodes. Mesh refinement was based on a
series of 1 dinensional finite-elenment calculations that nodeled a
horizontal slice of the cavern. The neshing study varied the nunber,
gradation, and aspect ratios of the elenents.

Cavern spacing was nodel ed by adjusting the mesh width to equal one-half
of the cavern spacing. The spacings of 375, 750, 1500, and 3000 ft.

translate into pillar-to-cavern dianmeter (P/D) ratios of 0.39, 1.78,

4.56, and 10.1, where the pillar width (P) is based on the expected
di aneter (p) of 270 ft. after five conplete fill and drawdown cycl es
(SPR, 1987). The design criteria for SPR caverns constrains the P/D
ratio to a mninum of 1.78 (SPR 1987). The mesh for the 750 ft.

spacing was used in all 4 of the pressure calculations

A "rollered" boundary condition along the right edge of the mesh
approximates an infinite field of evenly spaced caverns. Rollers do not
al low normal displacenents at the boundary, but freely permt tangentia

di spl acenents. In an infinite field of evenly spaced caverns, these
boundary conditions exist at points |ocated equal distance from the
caverns to form planes of geonmetric symetry. The planes forma
honeyconb or polygon pattern around the caverns in the field. In the
nmodel, the pol ygonal shape of the true boundary is approximated as
circular due to axisymmetric rotation of the nesh about the centerline
of the cavern. Therefore, the approximation inproves as the nunber of
caverns in an actual pattern increases. Loadi ng synmmetry is al so
assunmed, inplying that all the caverns in a field are constructed at the
sane time and have identical pressure histories. In reality, cavern
fields are of finite extent, therefore the nodeling better approximtes
subsi dence and cavern deformations in the mddle of the field rather
than at the edges of a cavern field where deformations may be limted
due to the lack of neighboring caverns.
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The initial stresses in the nodel were based on gravity |oading of the
over burden, caprock, and salt. The stratigraphy consisted of 1600 ft.
of overburden, 400 ft. of caprock, and 5500 ft. of salt. The insitu
stress state of the salt was set to hydrostatic based on the weight of
the salt and overlying rock. The cavern was |ocated 500 ft. below the
bottom of the caprock.

M ning of the caverns was sinulated as instantaneous with an interna
fluid (crude oil) pressure was applied to the cavern walls. The weight
of the oil resulted in a pressure gradient (0.37 psi/ft) along the
|l ength of the cavern, where the applied pressure was sinply the sum of
the weight of the oil and well pressure.

The oil/brine interface was assumed to be at the bottomof the cavern or
4500 ft. below the surface. Assuming a brine pressure gradient of 0.52
psi/ft, the baseline oil side pressure was 680 psi. This pressure is
defined as the baseline pressure, as such it was used in all the cavern
spacing calculations. Ol side pressures of 0, 300, 680, and 1050 psi
were simulated in the pressurization study. The oil side pressure
remai ned constant over the 30 years sinulated in all of the analyses.
In reality, well pressures increase with time due to creep and therna
effects. As aresult, they are periodically bled to keep them bel ow the
maxi mum operating pressure specified for a cavern. The periodic bleed
or depressurization results in transient creep. Such details were not
sinulated in these anal yses. However, the baseline oil side pressure .
(680 psi) is at the low end of the typical operating range. This wl|
help to account for the transient effects not nodel ed.

Cavern enl argement or leaching due to fluid transfers was not sinul ated
over the 30 year period. SPR drawdowns have been small in scal e and
limted during the past 12 years. To some extent, the effects of future
drawdowns on subsi dence and volume |losses will be nitigated as the
stresses surrounding the ol der caverns will be relaxed due to creep and
the renoval of salt in older caverns will not result in transients as
large as those in newly formed caverns. Therefore it may not be
necessary to discretely nodel increases in cavern size for long-term
performance predictions. However, to accurately nodel early cavern



performance it may be necessary, particularly since it typically takes 2
to 3 years to develop a cavern and fill it with oil.

The surface tenperature was assumed constant at 83°F, and an insitu
tenperature gradient of 0.012°F/ft of depth was applied to the
stratigraphy. This resulted in a tenperature of 137°F at the bottom of
t he cavern. Local tenperature variations in the salt due to heat
transfer between the salt and cavern fluids were not nodel ed. Bot h
tenperature and stress control the creep rate as discussed bel ow.



3.0 CONSTI TUTI VE MOXDELS AND PROPERTI ES

The constitutive nmodels and properties used to represent the nechanica
behavi or of the salt host rock and its caprock and overburden are
di scussed along with the finite-el ement conputer code used for the
anal yses.

3.1 Modeling of Salt

The nechani cal behavior of the salt was represented by the Minson- Dawson
creep nodel. The nodel is state-of-art in predicting salt behavior
using a first principles approach. The nodel was devel oped for the
Waste Isolation Pilot Plant (WPP) Project and has been used to nodel a
wi de variety of underground structures and openings in salt at that site
(Ehgartner 1990, 1991). The WPP, located in southeastern New Mexico
is aroomand pillar facility designed for underground disposal of
transuranic wastes in bedded salt.

The nodel is presently being validated with underground data fromthe
W PP and the validation exercises thus far show good to excellent
agreement of predicted roomclosures wth underground neasurenents in
Rooms B, D, G and the South Drift of the WPP (Minson, Fossum and

Senseny, 1989a,b; Munson and DeVries, 1990). Prelimnary conparisons

bet ween predi cted and measured shaft closures in the Air Intake Shaft at
the WPP show excel | ent agreenent (Minson, et. al.,1992).

The model is a Miltimechani sm Steady State Wrkhardeni ng/ Recovery Model
as originally devel oped by Minson and Dawson (1979) and later nodified
to provide a nore descriptive transient strain function (Minson, Fossum
and Senseny, 1989a,b). The nodel incorporates the Tresca flow potenti al
and is based on m cronechanistic concepts using a deformation nmechani sm
map (Munson, 1979). The mechani sm map defines regions of stress and
temperature in which a unique deformation nechanismcontrols or
dom nates steady-state creep. The nodel identifies three steady-state
mechani sns: Mechanism 1 (dislocation clinb) dom nates at high



tenperatures and |ow stresses; Mechanism 2 (undefined) dom nates at |ow
tenperatures and stresses; and Mechanism 3 (dislocation glide) doninates
at high stresses at all tenperatures. The steady state strain rates for
Mechanisns 1 and 2 are equal to

A e(-Q/RT) gn,

where Ais a constant, Qis the activation energy, T is the absolute
temperature, R is the universal gas constant (1.987 cal/mol-°K), S iS
the generalized stress, and n is the stress exponent. The basic form of
the equation for Mechanism3 is simlar to above, except it is preceded
by a Heaviside step function with an argunent of s-sigy, Where sigg i S
the stress Iimt of the dislocation slip mechanism The form of the
creep law for steady state Mechanisnms 1 and 2 is sinmlar to that used in
previous anal yses for both the Waste Isolation Pilot Plant (WPP) and
the SPR (Krieg, 1984).

Transient creep is included in the model through a function conmposed of
a wor khardening branch, an equilibrium branch, and a recovery branch.
The details of this conmponent and the steady-state conponent of creep
are discussed by Minson, Fossum and Senseny (1989a)

The salt properties in the anal yses were based on steady state creep
tests of West Hackberry salt (Wawersik and Zeuch, 1984) to define
Mechanism 2. The properties required for Mechanisns 1 and 3, and for
the transient portion of the nodel were not available for West Hackberry
salt, therefore WPP properties were used as needed. st  Hackberry
salt creeps at a steady state rate of approximtely 80% of WPP salt.

The WPP properties are froman extensive reevaluation of the WPP data
bases (Minson, Fossum and Senseny 1989a,b). Table 1 |ists the elastic,

steady state creep, and transient creep properties of salt used in the
anal yses. Previ ous anal ytical studies (Preece, 1987a,b) used a creep
nmodel which accounted for only steady state creep and required an
enpirical reduction of the elastic nobdulus to better match field



nmeasurenents.  No such enpirical adjustments are necessary for the creep
nmodel used in the present study.

Table 1
Mechani cal Properties of Salt*

Elastic Properties

Poi sson's Ratio 0.25
Modul us of Elasticity (E) 31.0 GPa

Creep Properties

St eady-state Mechanism 1 St eady-state Mechanism 2
Al 8.386 E22 /s A2 1.290 El 2 /s
Q1 25000 cal/mol Q2 12000 cal/mol
"1 5.5 ) 4.9
St eady-state Mechanism 3 Transient Creep
By 6.086 E6 /s m 3.0
B2 3.034 E-2 /s K 6.275 E5
sig, 20. 57 MPa c 0.009198 /T
q 5.335 E3 a -17.37

b -7.738

d 1.05

* For a conplete definition of the above parameters see Minson, Fossum
and Senseny, 1990a.




3.2 Xodel ing of caprock and Overburden

The eaprock and overburden were nmodel ed as elastic materials using the
properties listed in Table 2. The nodul us and Poisson's ratio were
obtained from standard triaxial strength tests on |aboratory size
sanples fromthe SPR In order to account for fracturing of the caprock
and other scale dependencies, the nodulus of elasticity for the caprock
used in the analyses and reported in Table 2 is the |laboratory val ue
divided by 10. The nodulus for the overburden, typically a clayey sand
was not reduced fromthe | aboratory neasurenents as scale effects are
assumed to be negligible. Values of density are based on research by
Todd (1991).

Table 2
Mechanical Properties of Caprock and Over burden

Caprock Over bur den
Poi sson's Ratio 0.288* 0. 33"
Modul us of Elasticity (MPa) 709%* 43.1%*
Density (g/cc) 2.5 1.874

* Preece and Fol ey, 1984
** Acres, 1986

3.3 Finite-El ement Code

The SPECTROMt 32 code (RE/SPEC, 1989), version 3.07, was used to perform
the sinulations. The code is a two-dinmensional finite-elenment

t her monechani cal stress anal ysis program written to sol ve nonlinear,

time- dependent rock mechanics problens.

10



4.0 ANALYTI CAL RESULTS OF CAVERN SPACI NG STUDY

The effects of cavern spacing on surface subsidence and cavern storage
or volune |osses are discussed bel ow

4.1 Effects on Subsidence

Figure 2 plots cavern spacing vs. the predicted subsidence at 30 years
for the 4 analyses. A third or fifth degree polynomal was used in this
and all remaining figures to provide interpolation between results.

Subsi dence is strongly influenced by cavern spacing as evidenced by the
| ogarithmc plot which shows the 30 year subsidence to range fromO0.3
ft. for caverns spaced at 3000 ft. to 163 ft. for caverns spaced at 375
ft. For all 4 spacings model ed, no significant subsidence trough was
formed at the ground surface. This may be an artifact of the nodel

because the calculations simulate an infinite nunber of evenly spaced
caverns of identical geonetries and operating pressures. However,

uni form surface subsidence was also predicted for the larger cavern
spacings which tend to represent single isolated caverns

For isolated caverns, the devel opnent of a subsidence trough is a
function of the operating pressure. Figure 3 shows subsidence profiles
at the ground surface and along the top of the salt for an unpressurized
i sol ated cavern (nearest neighbor over 4 mles away) at 10 years. This
cal cul ation was done aside fromthe 4 cases described above, but used
the sanme material properties and cavern geonetry. A zero oil side
pressure was applied. The vertical displacenent is exaggerated 500
tinmes to show the devel opnent of the trough at both the surface and top
of salt. The maxi num subsi dence at the top of the salt does not occur

directly over the top of the cavern. This is a result of the flow
pattern established by the salt, where the dom nant flow (and
corresponding |largest cavern deformation) is near the bottom of the
cavern wall. The flow of salt into this area draws upon pillar salt,

which results in a subsidence at the top of the salt offset fromthe
cavern centerline.

11
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Figure 4 plots the log of 30 year subsidence vs. |og of cavern spacing.
The resulting curve is nearly linear and can be fitted with the
foll owi ng approximation:

subsidence(ft) = 5.75x109 X (spacing(ft:))’z-g6

wher e subsi dence and spacing have units of ft. The correl ation
coefficient equals 0.998 resulting in a maximum error of 20 percent when
conpared to the code predicted results

Figure 5 plots the subsidence vs. tinme curves for each of the cavern
spacings nodel ed. The magnitude of the subsidence axis is adjusted on
each of the subplots to provide a better view of the individual curves.
Each of the curve shapes are simlar in that a steady state response
follows a transient portion of the curve. Wat differs is the duration
of the transient response. The 375 ft. cavern spacing shows the
transient occurring out to approximately 7 years, the 3000 ft. cavern
spacing results in a much |onger transient response-- perhaps beyond 30

years. This is nmost likely a result of the greater volunme of salt,
which allows the transient response to propagate farther and hence
| onger . Therefore closely spaced caverns are predicted to approach

steady state subsidence faster than caverns separated farther, isolated,
or perhaps at the edge of a field of caverns.

Figure 6 plots subsidence vs. tine on a log plot for each of the 4
spacings nodeled. The initial subsidence shown in the figure is at 1
day, as the log of a zero nunber is not permtted. This plot shows
orders of magnitude difference in the predicted subsidences.

Figure 7 plots the subsidence rates over 30 years for the 4 cavern
spacings nodeled. The rates, simlar to the predictions of subsidence
vary by orders of nmagnitude over the various cavern spacings. The plot
shows steady state subsidence as a horizontal |ine

14
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4.2 Effects on Storage Loss

Figure 8 shows the predicted relationship between cavern spacing and
cavern volunme |osses at 30 years. The loss of cavern volune is due to
creep, and approximately 50 percent of the volune losses occur within
the bottom 20 to 25 percent of the cavern. The relationship between
spacing and cavern loss is not nearly as strong as it was with
subsi dence.

Figure 9 plots the volune loss as a function of time for each of the 4
cavern spacings nmodeled. In all cases an abrupt transient response is
predi cted by the nodel within the first year. Because the caverns were
nmodel ed as instantaneously mined, the initial results may not accurately
represent actual cavern behavior where solution mning typically
requires approximately 2 years to conplete a cavern. Actual transients
will not occur as abruptly, but will be nmore evenly distributed over the
solution mning tine.

Figure 10 plots the rate of volume |oss over 30 years for each of the 4
cavern spaci ngs nodel ed. The rate of volume | oss does not becone
constant in tine for any of the spacings nodel ed. Therefore, vol une
| osses do not reach steady state as the rates are continuing to decrease
with tine. This is in contrast to subsidence, which is predicted to
reach steady state within 30 years (Figure 7).

Figure 11 plots the deformed cavern shapes at 30 years for each of the 4
spacings. Cavern deformation is greatest at a distance of approximtely
7 to 10 percent of the cavern length up fromthe floor. The vol unes
| ost due to upheaval of the floor were relatively insignificant when
conpared to overall cavern losses. The dom nant reason for storage |oss
in all cases was due to wall closure, although cavern shortening
(primarily through lowering of the roof) was increasingly inportant for
the smaller cavern spacings. For exanpl e, 27 percent of the tota

cavern loss was due to cavern shortening when the caverns were nodel ed
at a spacing of 375 ft. For the smaller cavern spacings, the anount of
roof subsidence is nearly equal to surface subsidence. This inplies
that the rock above the cavern translates in rigid body notion over

20
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time. As a result, strains accurmulated in the rock directly above the
cavern are limted

4.3 Cavern Integrity

The stability of the caverns was evaluated using a strain accunul ation
failure model for the salt. The nodel has been used for WPP (Krieg,
1984; Miunson, 1989) and SPR (Preece and Wawersik, 1984) salt and is
based on triaxial |aboratory tests on salt. For the nmean pressures
predicted near the |ocations of greatest deformation, the criteria
predicts stability when the accunul ated creep strain is below 13.8 to
15.5 percent. Failure was possible in the wall near the bottom of the
cl osest spaced cavern (375 ft.). At this location, the wall bulges into
the cavern (Figure 11) resulting in a dianetrical closure of
approxi mately 60 percent.

Isolated areas of salt fracturing do not necessarily result in overall
cavern failure. Further, the predictive nodel does not account for the
possibility of fracture healing. Thus , the predicted fracturing is
interpreted as a caution, and additional stability evaluations are
recommended before caverns are spaced closer than the 750 ft. baseline.
The caverns spaced at 750, 1500, and 3000 ft. were predicted to be
stable.

For all spacings analyzed, the maxinmumstrain in the region between the
roof of the cavern and ground surface is small (< 0.01% and should not
result in structural yield of a steel casing. The deepest casing is
typically set at 100 ft. above the roof of the cavern
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5.0 ANALYTI CAL RESULTS orF CAVERN PRESSURI ZATI ON STUDY

The effects of cavern operating pressure on surface subsidence and
cavern storage or volune |osses are discussed together, rather than
separately as in the previous chapter, to better understand their inter-
relationship with cavern pressure.

5.1 Effects on Subsidence and Storage Loss

Figure 12 plots the histories of subsidence and storage vol ume | osses
for the 4 oil side pressures analyzed, i.e., 0, 300, 680, and 1050 psi.
The baseline oil pressure was 680 psi at the well head. Al of the
cal culations used a cavern spacing of 750 ft. Simlar to the results of
the cavern spacing study, the predicted subsidence contours at the
surface are essentially flat over time for all of the pressures
si mul at ed. In Chapter 4, a single isolated cavern simulated at 0 psi
oil side pressure resulted in a subsidence trough. It appears that both
cavern spacing and pressurization nmust depart from baseline val ues
bef ore a subsi dence trough can be predicted. The edge of a cavern field
may be anal ogous to an area where there are transitions in both cavern
spacing and pressure.

A rule of thunb energes fromthe anal ytical predictions. | f storage
| osses are less than 20 percent, the volume of storage loss is roughly
equal to the volume of surface subsidence. When expressed in ft.
subsidence is approximately equal to the percentage of storage |oss.
This inplies that volune reduction in the cavern is directly manifested
as subsidence volune at the surface. Di fferences may exist between
subsi dence vol ume and the volune lost in the cavern because of
accunul ated strains in the salt, caprock, or overburden.

Figure 13 plots subsidence and storage |oss as a function of well

pressure at 5, 10, and 30 years. As expected, the trends show that both
subsi dence and storage |osses decrease with increased cavern pressures

26



"¥sd 0G0T PuU® ‘089
‘00€ ‘0 JO §2InSS93d TJ0 UALAB) 10J WL ‘'SA S95507 2981035 UIAAB) IO JULPTISQNS - ZT 2and1g

("SHA) INLL

oe 9z 0z 9l oL 9 0
: 4 : : : ;-0
I8d 090} -8NS RS SRS
L — e e S ——— : oo :

I8d 0S50} -§801

.
.
. .
. .
.
.

.
......................................................................................................

(%) 8807 HO ("1d) ION3AisaNns

27



8¢

SUBSIDENCE (FT.) OR LOSS (%)

Figure 13

.....................................................................................................

...........................................................................................................................

Subsi dence

200 400 600
WELL PRESSURE (PSlI)

or Cavern Storage Losses vs.

Cavern O

=
800 1000 1200

Pressure at 5, 10, and 30 Years.



The decreases in subsidence and storage |osses |essen as the cavern
approaches its maxi num operating pressure (1050 psi). Figure 13 can be
used as a design or operating tool to help establish a desirable cavern
operating pressure for a typical SPR cavern

Figure 14 shows the |og of subsidence and storage | oss versus well
pressure at 5, 10, and 30 years. A linear fit to the results at 30
years, yield the follow ng relationships for a typical SPR cavern.

subsidence(ft) = 103 x 10(-0.00131 x pressure(psi))

and

storage | 0ss(% = 69.5 x | O(-0.00111 x pressure(psi))

Subsi dence, pressure of the oil side, and storage |oss have units of
ft., psi, and percent, respectively. The curve fits represent the
predicted subsidence or storage loss to within 20 percent.

Figure 15 shows profiles of cavern deformations at 30 years for 0, 300,
680, and 1050 psi oil side pressures. At 0 psi well pressure, the
cavern is 59.2 percent closed at 30 years. Note the walls are in
contact over the lower portion of the cavern exclusive of a small area
at the very bottom of the cavern. This area would be conpletely
encapsul ated in salt. The wal | s of the cavern contact each other at
approximately 25 years into the O pressure sinulation. For the O
pressure simulation, 93 ft. of subsidence is predicted at the surface
after 30 years. Simlar to the spacing study, the subsidence or
vertical displacenent predicted in the roof of the cavern is
approxi mately equal to the predicted surface subsidence. For the other
pressure cases (300, 680, and 1050 psi), the profiles for wall
di spl acenents are simlar to the O psi case, but significantly reduced
i n magnitude.
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5.2 Cavern Integrity

Al of the caverns are predicted to be stable using the previously
discussed stability criterion (Chapter 4). In the case of the 0 psi
cavern, a localized portion of the wall near the bottom of the cavern is
predicted to be at the limt of the stability criterion at 30 years;
however, that area is also predicted to be closed so fracturing would be
of no consequence, if it were to occur.

Simlar to the results of the cavern spacing study, the amount of
el ongati on between the cavern roof and ground surface is small and .
should not result in structural yield of the casing. The predicted
differential strain over the length of the casing is small despite
relatively | arge subsidence predictions because the rock above the
cavern subsides in a fairly rigid body notion.
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6.0 COWPARI SON OF PREDI CTED RESULTS TO FI ELD MEASUREMENTS

The nodel i ng approxi mations and assunptions can be checked by conparing
nmodel ing predictions of the base case (typical SPR cavern) to field
measurenents of subsidence and cavern pressures. In addition, the
results of the pressurization study can be conpared to cavern
pressurization data, as the caverns typically operate over a range of
pressures.

First, the predicted subsidence profiles and storage |osses can be .
conpared to general site observations. The predicted shape of the
subsi dence profile from the cavern spacing and pressurization anal yses
was uniform with no subsidence trough fornmed across the surface. At the
SPR sites, nmeasured subsidence undul ates across the surface of nost
cavern fields (Goin and Neal, 1988), but overall appears to be
relatively uniform The undul ations may be a result of survey
i naccuracies, geologic inhonmogeneities, and different cavern operating
hi stories. However, subsidence neasurenents are limted to the cavern
fields. Measurenents beyond the edge of the property boundaries may be
necessary in order to detect a subsidence profile. An exception is at
West Hackberry where a distinct subsidence trough is formed within the
cavern field. In regards to storage loss, a prevalent rule of thunb
estimates cavern |losses to be on the order of 10 percent in 30 years.
For the typical SPR cavern, the nodeling results predict a 30 year |oss
of 14.5 percent. |f the predicted volume |osses (based on instantaneous
solutioning) within the first year are excluded to account for the
realities of a gradual solution mning process, the volume |osses are
predicted to be 11.1 percent at 30 years. The corresponding prediction
for surface subsidence is 11.2 ft. at 30 years.

6.1 Subsi dence Rates

More detailed conparisons can be made with the neasurenents of
subsi dence rates at SPR West Hackberry because the material properties,
cavern geonetries and depths, and stratigraphy used in these analyses
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closely approximate or were derived from data fromthat site

Subsi dence neasurenents (Goin and Neal, 1988; McHenry, 1989) for caverns
107 and 115 are reported in Table 3.
| ocated caverns in a field of 22 caverns total.
| ocated at approximately 750 ft.

Cavern 107 has 5 neighbors

115 has 6 nei ghbors.

Measured Subsidence at West

Table 3
Hackberry Caverns 107 and 115

Dat e

Cavern 107:
El ev. above
sea |eve

(ft. )

Sub. Rate
(ft./yr.)

Cavern 115:
El ev. above

sea |eve
(ft.)

Sub. Rate
(ft./yr.)

1/83  8/83  2/84  3/85  9/86  12/87  12/88

15.84 15.73 15.50 15.15 14.75 14.47 14. 41

.189 .460 .323 .267 .224 .060

9.15 9.07 8. 87 8. 43 8.03 7.72 7.62

.137 .400 .406 .267 .248 0.10
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Solution mning of caverns 107, 115, and their neighbors generally
commenced md 1981 to early 1982, with conpletion and filling with oi
sonme 3 years |later.

Both sets of subsidence data exhibit simlar trends in which the rate of
subsi dence increases to a maximum val ue (which corresponds to the tine
when nost of the solutioning was conplete) and then decreases.

The cavern simulations only exhibit a decrease in the subsidence rate
because each cavern in the sinulation was created instantaneously and at
the sane tine. Furthermore, the nodel assumes an infinite array of
caverns, whereas actual cavern fields are of finite extent. The edge
effects of the field will produce |ess storage |oss and subsi dence.
Therefore the predicted subsidence rates are expected to be greater than
t hose measured above a cavern field of finite extent, gradually brought
into existence. In general, the predicted subsidence rates that
correspond to the above dates decrease from1.1 to 0.45 ft/yr. Gven
the nodeling assunptions, the predicted subsidence rates are reasonabl e
when conpared to the neasured val ues.

6.2 Cavern Pressurization Rates

Anot her metric of cavern behavior is the neasured oil side pressure at
t he wel | head. Because of creep and thernal effects, the oil in the .
cavern pressurizes wth tine. Periodically, the pressure is bled to
formthe start of a pressure cycle. Cavern pressurization data (Cavern
Pressurization Report, 1990) for Caverns 107 and 115 are listed in Table
4 for the previous 2 years. Cavern 107 pressures for early 1991 are not
listed as the cavern underwent a workover during that period. The 2
year period represents a relatively inactive period for the caverns

Al t hough not as obvious, as in the subsidence data, the cavern
pressurization rates appear to be decreasing over the 2 year period,
exhibiting relatively minor fluctuations. The data show the caverns to
be pressurizing at a rate of approximately 1.8 to 2.0 psi/day.
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Negl ecting thermal effects (which cause higher pressurization rates),
the simulated cavern pressurization rates can be calculated fromthe
predicted storage loss rate. Thernal effects are assumed to be
negligible as the caverns are approxinmately 6 years old. Estimating the
conpressibility of crude as 5.763-6 I|/psi (API-37.5, P-2265 psi,
T=125°F), the predicted pressurization rate fromthe mdeling of a 6 yr
old cavern is 2.01 psi/day. The predicted value agrees quite closely
with the neasured data

A characteristic response of salt and consequently oil pressure
followng a pressure bleed is illustrated in Figure 16. Cavern
depressurization | 0oads the salt as creep is controlled by deviatoric
stresses. Two conponents of the response are noted-- transient (ct) and
steady state (eg). Transients accunulate to a maximum val ue (e¢*) which
is known as the transient strain limt for salt. The corresponding oil
pressure is defined sinply as 'transient pressure' in this report.
Steady state salt creep is linear resulting in a constant oi
pressurization rate. The two conmponents sumto formthe total response
of the cavern. The above characteristics are also described by Biringer
(1987), who devel oped an enpirical nodel for cavern pressurization.

The results of the cavern pressurization study can be conpared to
pressurization data collected at different average wellhead pressures.
Pressure data from Wst Hackberry caverns 101, 107, and 110 were
anal yzed (Ehgartner, 1991) to determne (1) steady state pressurization .
rates as a function of average cavern operating pressure and (2)
transient pressure responses as a function of bleed pressure. Caverns
101, 107, and 110 each have 5 neighboring caverns spaced approxi mately
750 ft. away.

Table 5 shows the data and results of the evaluation of pressure data
for the caverns. Each row of data represents a pressure bleed. The
transient pressure and steady state pressurization rate are observed
fromthe data in accordance with the behavior described in Figure 16.
The average cycle pressure is sinply the average of the initial and
final pressure (prior to bleed) in a cycle. Each pressure cycle is
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Table 5
Eval uation of West Hackberry Caverns
101, 107, and 110 Pressure Data

Dat e Bl eed Pressure Steady State Average Cycle
Depressurized Pressure Transi ent Pressurization Pressure
{psi) {esi) R a t e 615 I—
Cavern 101:
10/09/86 125 21 1.6 857
01/28/87 50 13 1.55 910
03/25/87 100 27 1.5 915
05/20/87 50 13 1.4 950
06/23/87 90 16 1.25 935
08/21/87 180 29 1.8 850
01/06/88 120 37 1.6 860
01/21/90 45 7 1.1 950
Cavern 107:
12/18/86 85 22 1.5 930
03/09/87 125 30 1.1 927
08/21/87 145 34 1.6 832
09/04/89 145 29 1.7 942
11/01/89 70 22 1.5 970
01/24/90 75 33 1.2 970
03/21/90 90 26 1.4 972
05/03/90 105 34 1.0 940
05/30/90 60 27 1.3 960
07/26/90 80 37 0.9 970
08/26/86 100 28 2.0 775
10/06/86 120 45 1.8 837
01/28/87 115 23 1.5 905
03/25/87 160 19 1.6 885
10/01/88 220 38 1.9 860
02/15/89 130 38 1.3 950
05/21/90 90 20 0.95 965
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intended to represent periods of normal cavern operation, and therefore,
periods of and imediately followi ng irregular cavern pressures or fluid
transfers were not evaluated. Al so short pressure cycles and histories
i nvol ving gauge problens, |eaks, bad readings, etc. were not included.

The steady state cavern pressurizations as a function of average cycle
pressure are plotted in Figure 17 along with the predicted
pressurization rates at 2 and 6 years. These tines approxi mately bound
the dates over which the data was collected. Al t hough some scatter
exists in the data, the analytic predictions bound the pressure data and
correctly show a trend where |ower cavern operating pressures result in
hi gher steady state pressurization rates

Figure 18 plots the maxinum pressure transient of oil as a function of
the cavern bleed pressure. As expected, larger pressure drops result in
larger transients. Athough the relationship between the variables is
probably non-linear, on average, the transient pressure response of the
oil is approximately 30 percent of the pressure bleed. Typical pressure
bl eeds due to normal operations and workovers were not directly nodel ed
in the simulations presented in this report. The transient effects were
accounted for in the baseline nodel by using a constant simulation
pressure (680 psi) approximately 30 percent less than the typica

average operating pressure at West Hackberry.
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7.0 CONCLUSI ONS

The nodeling results predict that cavern spacing strongly influences
surface subsidence and noderately effects cavern volune |osses. The
cavern spacing study showed 30 year subsidence predictions to increase
from4 in. for a single isolated cavernto 162 ft. for closely spaced
caverns at 375 ft. The corresponding storage |osses ranged from6 to 32
percent, respectively. Gven the proximty of sone SPR sites to sea
| evel, the current mninmum spacing criteria of 750 ft. appears prudent
based on the subsidence predictions. Were subsidence is not an issue,
a slightly closer cavern spacing may be possible if the increased rate
of volunme loss is tolerable and cavern stability is not a problem

The results of the cavern pressurization study showed predicted 30 year
subsi dence to range from4 to 93 ft. for oil side pressures from 1050 to
0 psi. Correspondi ng storage | osses increased from4 to 59 percent.
The relationship between subsidence volume and | osses in storage vol ume
varied as cavern spacing and operating pressure deviated from the base
case. However, for typical SPR cavern spacing and operating pressure,
the predicted subsidence volune was proportional to storage |oss and
when expressed in ft., subsidence is equal to the percentage of storage
loss. For exanple, after 30 years the typical SPR cavern is estimated
to lose approximtely 11 percent of its storage capacity, resulting in
11 ft. of subsidence. This analytical rule of thumb suggests that
cavern volume | osses are directly manifested as subsidence volune at the
surface. Therefore, a dual penalty results (subsidence and storage
| oss) when caverns are operated at reduced pressures.

The results for the base case (typical SPR cavern spacing and operating
pressure) and those of the pressurization study conpare very well to
subsi dence and cavern pressurization rates neasured in the field.
Al t hough nodel validation was not the focus of this report, the
conparisons with field data suggests the nodel correctly predicts not
only near-field (cavern) behavior, but far-field response (subsidence)
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as well. This collaborates with the detailed model validation exercises

in progress for the Waste Isolation Pilot Plant (Minson and DeVries,
1990) .

Al'though the nodel used in this report is based on a typical SPR cavern
SPR caverns vary in shape, capacity, depth, spacing, nunber of caverns
in a field, stratigraphy, operating pressures, etc. The salt
characteristics for each done varies as wel|. The analyses in this
report nmost closely sinulate the caverns at Wst Hackberry. However
the results are applicable in a qualitative sense to all SPR sites.
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Table 4
West  Hackberry Caverns 107 and 115
Pressurization Data

Start Pressure Cycle Pressuri zation
Start Pressure Change Dur ati on Rat e
Date {psi) {psi) (days) {psi/day)
Cavern 107
09,/05/89 885 75 25 3.00
11/02/89 930 80 39 2.05
12/22/89 900 95 33 2.88
01/25/90 920 100 55 1.82
03/22/90 930 85 43 1.98
05/04/90 910 60 27 2.22
05/31/90 910 100 56 1.79
07/27/90 930 80 49 1.63
10/02/90 910 85 50 1.70
2.02 avg.
Cavern 115:
09/15/89 920 70 27 2.59
11/30/89 670 155 63 2. 46
02/15/90 750 100 49 2.04
05/20/90 725 105 44 2.39
07/04/90 920 90 67 1.34
09/10/90 980 20 17 1.18
09/28/90 900 110 74 1. 49
12/14/90 940 60 31 1.94
01/22/91 910 110 60 1.83
03/28/91 910 140 89 1.57
06/28/91 920 80 52 1.54
1.81 avg
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1000 I ndependence Avenue SW 6257 S. J. Bauer
Washi ngton, DC 20585 6257 B. L. Ehgartner (10)
Attn: D. Johnson 6257 T. E Hi nkebein
D. Snmith 6257 P. 8. Kuhl man
6257 R V. Matal ucci
Boeing Petrol eum Services (3) 6257 J. T. Neal
850 S. Clearview Par kway 6257 J. L. Todd
New Ol eans, LA 70123 6257 S. T. Wllace
Attn: K Wnn 6346 D. E. Minson
T. Eyerman 8523- 2 Central Technical Files
K Mlls 3141 S. A Landenberger (5)
3145 Document Processing (8) -
Boeing Petrol eum Services (1) For DOE/OSTI
1450 Bl ack Lake Road 3151 G C. Claycomb (3)

Hackberry, 1A 70645
Attn:  JimPerry

Tejas Power Corporation (1)
14811 St. Mary's Lane
Suite 200

Houston, TX 77079

Attn: Geg Gaves

L7



